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Normal -coordinate cal culations for  58 were revised  by  use of new far-infrared

spectral data and a more elaborate potential function. Representation of the observed

frequencies required that the basic Urey-Bradley field be tsupplemented with an extra                         l

i quadratic cross-term between adiacent S-S bonds.
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(TEXT)

A paper of the same title by two of the present authors (1) reported a normal-

coordinate treatment of 58 that took account of torsional forces and gave a vibra-

tional assignment consistent with thermodynamic data. The reasons for revision of

the earlier treatment are threefold: (a) .Reinvestigation  of the far-infrared spectrum,

reported in the Experimental section, showed that the low infrared-active funda-

mentals are  191  and 243 cm.-1 instead of 150 and 225 cm.-1, as inferred from the

earlier work of Barnes (2); (b) Availability of digital-computer methods allowed a

more thorough investigation of the molecular force field than was possible with the

desk-calculator methods used earlier; (c) Thermodynamically significant shifts of
L

low frequencies between vapor and condensed phases have been observed for other  '

molecules (3); such observations suggested caution in use of condensed-state fre-    .t .

quencies of S8 for comparisons involving the vapor-state thermodynamic properties .     ' .i

.il,

CALCULATIONS AND DISCUSSION                                         '

The numerical calculations reported here were done with an IBM 7090 computer

and used G-Matrix Evaluation Program SD-9064-I, Z-Matrix Evaluation Program                                !
i 1.r.

SD-9080-I, and Vibrational Secular Equation Programs SD-9032-I  and  -I V,  all

kindly supplied by Dr. J. H. Schachtschneider of Shell Development Company. Mo- r.,

1

lecular structure parameters (S-S distance, 2.048 A; S-S-S angle,  107° 54') were

taken from the work of Caron and Donohue (4) on' orthorhombic sulfur.
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Of various force fields investigated,  the  one that was found  to give satisfactory
t

agreement between observed and calculated frequencies is:

2-V =   K(Ar)2+2 E  E LAI+    11(rA, )2+ 28E   '  r(IA 0 +

   FCAj) 2  +  2   F'  flba +     C-(Ast')2  +  2    E'  fi' (Al') +

8        28               8
E  Y(IAT ) +2% Y' (IAT ) +2  EPAIAL' 0

The internal coordinates are the changes in the bonded Si-Si + 1 end Si + 1-Si + 2

distances r and  r', · non-bonded Si
...

Si + 2 and Si"'Si + 3 distances 1 and fi'' S-S-S- -

angle 0, and torsional angle of the S-S-S-S group ·r. The coristants  E,  !1",  and  Y'-

were eliminated in the removal of redundant coordinates, and the constants f' and

C' were constrained by the conventional assumptions, f' = -0.1  F and C' = -0.1 C.
1

- - - -

Terms in the potential energy involving the constant.F were retained only if they in-

volved internal coordinates  of  the "gem" configuration ·

s..9.-s
\S..

and terms involving  (- only  if they involved internal coordinates  of  the  " cis "

configuration
..  :          . '

,

'..

".:. 1

.."..S S. ,

.S-S'1

,
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These approximations (and neglect of non-bonded Si
...

Si + 4 interactions) were

computational expedients made because the Z-matrix program had no provision for

non-bonded interactions between ends of chains of 5,6, or 7 atoms.

The six constants not eliminated or constrained were adiusted  to give a least

squares fit of the calculated frequencies to the observed frequencies, weighted on

an absolute basis.  The five constants, 5 11, b S and -J pertain to the basic Urey-

Bradley field, except as modified by the approximations iust mentioned. The sixth

constant, 5 is a specific interaction constant that may have its physical basis in

contributions to the normal state of the molecule from structures with a 3d orbital

used for bonding.   ·-·

:is

+ / \+ 1

.. \  S  44<.                                          .S  «-   /.51                                            1..3I. . ...

Stretching of one bond would favor the structure with the neighboring bond double,

so that more potential energy would be required to stretch the second bond simul -

taneously.         1

The results of the calculations are summarized in Table I, which gives  a com-                              !

parison of observed and calculated wave numbers, and also the potential energy  i

distribution and the final converged values of force constants with their uncertainty.                   i

In the selection of observed wave numbers, the spectra of solutions were given prefer-
1,.

ence over the spectra of crystals, as more nearly representing the free molecule.  The
I

1

.-

..,
..../
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TABLE I
; ·''   t' ,    i: .    .    · · . .J

.l e• · · ·

Summary of Normal Coordinate Calculations for 58 a : 9 1 f . ...
r-

...  i. . . . .
• 1.  :   1.:i

obs v calc v   A v         KHFC       ,Y         P
- - - - ..

..
1

/

 475    473   2     61      4.9      2     3 .20 '1.1.: '.... 1. 
al < ' . ,   . :    .  f     ....    .5;    i

 218 .  214   4          22    59     4    14    ...:. 4....:2 1 9.4 :.. 1

ki   .411
411 0. 153 -3.       1.     , 1    -51 ·· u : :'., c· :. --„.

i 1    ./4*   '. ;.
I.    1 4  ·..'· S  '1 ..

.

1                              ...  .1.    ' .    t ..1 i,  -    ..  .

-.            .,    4..      2....:

b 243 241    2              27      67
' 6 '1 .f. , / . . ' . . .d

-2                                                                                               ·'                                              I.            2'.';     ·'·:'   ·-·.

I. . : - , '    .Ii./  :.lt  1    1 :. i. .

f171·       473    ·-2          69           3        '1 1            1              '       16 ,· '  i.. I Itt:   t'. .
i , ..       .1

el     i                                                                                                                                             <
1191  .  195  .-4              22   2

52 -1 ',27
, '... 1·1 .

1.  1...:..1.$1     .         1. 

-                                                                             i

 (475)6      475       0         .8 8             1            10                    &     1. 1   ,     "4  2    1  '

2: i. '1 5 2
149    3       1      24     56      18 .'1

./  . /   2     ... 9'2  1.  1.3   '
. ' ... 1 ..4

L 86 83             3                       2                       2    '                  4                    15. ·            77                             ·'    4. .  1  :i.·  I,   . :   !
t :'Ill·,I.0 , :·.1

,
t .     .    1,      .            ..       . 6  :

F 437 437 0 126                                           4                                                        -30      :   1 Jit A:    1   1

: .          : .1  t....   4.4 ··1        ..        1  :. 

.23  218)b   223   -5.      2     22     51      17     9
.t I..,1,'.       L

, .    0,1. ' . ,4 ...  4..1  1

· ·      ·  y.1   •·f  h   i·  «0

Force constant (md/A) 1.868   0.051   0.312   0.037  0.024  0.311 - r: t--i ..12
.. 9  . ... -4.,   4

Uncertainty, .022 .026 .060 .010 . .003 . 013    '  1 44, 4,
'l i

9 Observed and calculated wave numbers (in cm-1) of the fundamental  vibrations  .'18 lil i  .1  1
1 .....B...1   .....

and their differences, the potential energy distribution (entries rounded to nearfst %), I'l ti,it·i· :i:  11. 1 ' '7. 1 l,,i: 1
and final converged values of force constants with their uncertainty: '1  ...:.  .. ,; 11. 1.1. 1 ....1

, : .   :  1   1  · ifi  I :.:  1
b             ·          ·'               ·           1

Assumed coincidence. . .1     4  . . .       .

-  . -    . .  I  .-

.1 7,.,)      .t                 ..   11:  d     :       ; : . ! .

t''..11 :, 4· ...,-·LIt.:i....  '.... '-
.--*........   1
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normal modes, expressed as Cartesian displacement coordinates,  are   i I lustrated   in

Figure  1. The consistency of the assignment of Table  I  with the observed spectra

is  shown in Table I I. There, in addition  to the far-infrared  data  of this research,

are listed published data from various sources (5-12).  In the range of fundamentals

and binary combinations,   all  but a few very weak and doubtful features of the observed

spectra are accounted for by the assignment proposed here. This assignment includes the

value 411 cm-1 for the inactive kl fundamental deduced by Neff and Walnut (12) from         

the temperature dependence of intensity of. the 845 cm-1 infrared band of the crystals.

An 22 fundamental is assumed to coincide with 475 cm-1  (21) and an 23 fundamental

with 218 cm-1 (21). Such coincidences were shown to be likely by preliminary calcu-

lations that did not include the highest 12 and lowest 53 fundamentals in the list of

observed frequencies used for adiusting the force constants.
.,

Past difficulties in making a vibrational assignment for S8 are understandable now.

Because of the two coincidences, the Raman-active fundamentals are not all observed

separately. Moreover, in the Raman spectra of the condensed phases, there are weak

bands (184 and 248 cm-1) from fundamentals forbidden by the strict vapor-state select-

ion rules. The breakdown of selection rules in the condensed phases could not be re-

cognized as such until the lower two infrared active fundamentals were determined
,.

accurately and found  to have nearly  the  same wave numbers  as  the weak Raman bands.

/

J



.

I /
G

...

7

TABLE I I

Spectra of 58 and Interpretationa

Raman, cm-1 Infrared, cm-1 Interpretation
Crystals Solution Crystals Solution

49 s lattice

85 s 86 s(d)
e fundamental2

114 w                        lattice
152 s 152  s(d)                                          2

e fundamental

1846   w        1846 w 191c s e   fundamental
1

216 s 218 s(p) al   (& e3) fundamental
2436 w  2486 w 243c s b2 fundamental

299 w . 2 x  152 = 304 Al + Bl  + 82

334 w? 86 + 243 = 329 E2
434 m 437 w(d) 435 w e fundamentalb

3

465 s 471c m e 1 fundamental                                 i

470 s 475 s(p) al   (& e2) fundamental  
509 W 520c vw 86 + 437 = 523 El + E3

549 w 546(: w 86 + 475 (e2) = 561 Al +

A2  +  8 1   +  82
575c vw

591 VW 584 w 591 c   w  .     152 + 437 - 589 El + E3

618 w 621 C W 152 + 475 (e2) = 627 Al +.,      l'

A2 +Bl + 82
659 w 665c w

191   +  475  = 666  El  '

679          w   (E i    ? )          686 w 243 + 437 = 680 El
711 w (El ) 714 w 243 + 475 = 718 82

845           m   (E 1 ) 854 m 411 + 437 = 848 E
1

873      vw  (82  ? )                                                                  ?
903   w (82) 912 w

437 + 471 = 908 Bl + 82 + E2                     5

936         w  (82,  E l)     942 w 471 + 475 = 946 El
Region above 950 cm-1 omitted.
a Abbreviations: s, strong; m, medium; w, weak; vw, very weak; (p) polarized; (d),

depolarized;  (82) and (El), species of infrared band indicated by effects of orientation
·or polarized radiation.

b                                                                         'Appearance In violation of strict vapor-state selection rules.
a  Oboorved  In  this  research;  ether  values from  litorature.

L

r
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The present vibrational assignment differs from the assignment of the earlier paper

(1) by increases in four fundamentals (400 to 411, 225 to 243,  150 to 191, and 184 to                  '

218 cm-1, the last two doubly degenerate  These changes are enough to destroy the

consistency with thermodynamic data demonstrated for the earlier assignment, i. e.,

with the present assignment, values of AH-00  for the reaction, 85(c, rhombic) = 58(9),

calculated from vapor pressure data, shows a distinct trend with the temperature of the

vapor pressure determination. However, the test for thermodynamic consistency im-

plies  that the vapor-state frequencies are identical  with the condensed-phase frequen -

cies on which the assignment is based and, in addition, that the vibrations are harmonic.

It is known that low-frequency vibrations may have lower frequencies in the vapor state
(3)

than  in a condensed state; it might be expected  then  that low frequencies of 58'  par -                                1
1

A

ticularly the lowest 52 frequency, gre lower in the vapor state than in crystals or solution.

Also, if the lowest 22 mode is appreciably anharm6nic, the observed 86 cm-1 Raman band   ,

includes a superposition of "hot bands," and the fundamental, even in the condensed states,

may  have  a wave number significantly different from  86  cm-1.    If all the burden of pro-

viding consistency with thermodynamic data is placed on the lowest 22 mode, then,  if.

harmonic, it must be about 60 cm-1 in the vapor state instead of 86 cm-1. Determination .

of the vapor-state molecular spectra of S8 presents the formidable difficulties of the high
1: f

boiling point of sulfur (444.6°C.) and the existence  of a complex mixture of. other species

besides 58 in the vapor. Considerable time may elapse before the foregoing suppositions
,

r
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are put to the test of experiment.  In the interim, it is suggested that calculations of

vapor-state thermodynamic functions of S8 to the harmonic-oscillator approximation

be made with the vibrational assignment of this research except that 60 cm-1 instead

of 86 cm-1  be used for the lowest 52 mode.

Attempts to draw conclusions about the barrier to internal rotation about the S-S

bonds in the free S8 molecule from the values of the force constants Y and C in Table I

should be done with caution, because these force constants apply strictly to the molecule

in a condensed phase and include contributions to the force field from neighboring mole-

cules.

EXPERIMENTAL

C,                                                                                                             . iThe far-infrared spectrum of solutions of rhombic sulfur was determined between 50

and 670, cm-1  with the results shown in Figure 2, which includes the pertinent expert-

mental details.
1.
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Fig. 2.   Normal modes of S8 expressed in Cartesian displacement coordinates in A per (change
---

in normal coordinate) x 10. Numbers at heads of arrows denote components perpendicular to plane.of

, paper, rounded  to one significant digit. Atoms  at  3,   6,   9  and  12 0' clock above plane of paper;
C
1
J

a        G  at  1:30,   4:30,   7:30  and 10:30 below plane of paper.
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